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www.sciencemag.org/content/343/6172/780/suppl/DC1 Materials and Methods Figs. S1 to S17 Table S1 to S4 References (26- 4 Marco Tonelli, 6 Slobodan Paessler, 4 Kiyoshi Takeda, 3 William B. Klimstra, 2 Gaya K. Amarasinghe, 5 Michael S. Diamond 1,5,7 * Although interferon (IFN) signaling induces genes that limit viral infection, many pathogenic viruses overcome this host response. As an example, 2'-O methylation of the 5′ cap of viral RNA subverts mammalian antiviral responses by evading restriction of Ifit1, an IFN-stimulated gene that regulates protein synthesis. However, alphaviruses replicate efficiently in cells expressing Ifit1 even though their genomic RNA has a 5′ cap lacking 2'-O methylation. We show that pathogenic alphaviruses use secondary structural motifs within the 5′ untranslated region (UTR) of their RNA to alter Ifit1 binding and function. Mutations within the 5′-UTR affecting RNA structural elements enabled restriction by or antagonism of Ifit1 in vitro and in vivo. These results identify an evasion mechanism by which viruses use RNA structural motifs to avoid immune restriction.
E ukaryotic mRNA contains a 5′ cap structure with a methyl group at the N-7 position (cap 0). In higher eukaryotes, methylation also occurs at the 2′-O position of the penultimate and antepenultimate nucleotides to generate cap 1 and 2 structures, respectively. Many viral mRNAs also display cap 1 structures. Because cytoplasmic viruses cannot use host nuclear capping machinery, some have evolved viral methyltransferases for N-7 and 2′-O capping or mechanisms to "steal" the cap from host mRNA (1) . Whereas N-7 methylation of mRNA is critical for efficient translation (2), cytoplasmic viruses encoding mutations in their viral 2′-O-methyltransferases are inhibited by IFIT proteins (3) (4) (5) (6) (7) , which belong to a family of interferon (IFN)-stimulated genes (ISGs) induced after viral infection [reviewed in (8) ]. Thus, 2′-O methylation of host mRNA probably evolved, in part, to distinguish self from nonself RNA (9, 10) .
Alphaviruses are positive-strand RNA viruses that replicate in the cytoplasm and lack 2′-O methylation on the 5′ end of their genomic RNA (11, 12) and thus should be restricted by IFIT proteins. To assess the role of IFIT1 in limiting alphavirus replication, we silenced its expression in human HeLa cells and then infected them with Venezuelan equine encephalitis virus (VEEV) strain TC83, an attenuated New World alphavirus. In cells with reduced IFIT1 expression, TC83 replicated to higher levels (Fig. 1A) . To determine whether this phenotype occurred in vivo, wild-type (WT) and Ifit1 −/− C57BL/6 mice were infected with TC83. In contrast to WT mice, Ifit1
−/− mice succumbed to TC83 infection (Fig. 1B) and sustained a higher viral burden (Fig. 1, C and D, and fig. S1 ), especially in the brain and spinal cord.
We next analyzed the growth of TC83 in mouse embryonic fibroblasts (MEFs). Although untreated WT and Ifit1 −/− MEFs supported TC83 infection equivalently (Fig. 1E) −/− MEFs remained partially inhibited by IFN-b treatment, indicating that additional ISGs restrict viral replication (13) (14) (15) . The similarity of infection by TC83 in untreated WT and Ifit1 −/− MEFs probably reflects the ability of alphaviruses to antagonize the induction of type I IFN and ISGs (16, 17) .
TC83 was generated after passage of the virulent Trinidad donkey (TRD) VEEV strain and contains two changes that attenuate virulence (18) . One mutation occurs at nucleotide 3 (nt 3, G3A) in the 5′-UTR and increases the sensitivity of TC83 to type I IFN (17) . We hypothesized that the 5′-UTR mutation might explain the differential sensitivity to Ifit1 and the pathogenicity of TC83 and TRD. To begin to test this hypothesis, WT and Ifit1 −/− mice were infected with TRD (Fig. 1F ). WT and Ifit1 −/− mice succumbed to TRD infection without differences in survival time or mortality. Thus, in contrast to TC83, TRD was relatively resistant to the antiviral effects of Ifit1.
To determine whether the effect of the G3A mutation was independent of the TC83 structural genes, which contain a second attenuating mutation (19), we assessed replication in WT and Ifit1 proteins of SINV, and differ only at nt 3 [(G3) VEE/SINV and (A3)VEE/SINV] ( fig. S3, A and  B) . In IFN-b-pretreated WT MEFs, (A3)VEE/ SINV was not recovered from culture supernatants ( Fig. 2A) . However, in IFN-b-treated Ifit1 −/− MEFs, (A3)VEE/SINV infection was partially restored. In contrast, (G3)VEE/SINV replicated equivalently in IFN-b-treated WT and Ifit1 −/− MEFs (Fig.  2B) , indicating that a G at nt 3 renders VEEV resistant to inhibition by Ifit1.
RNA secondary structure algorithms predicted differences in base pairing at the 5′ end of the UTR of G3 and A3 RNA [ fig. S3A and (20, 21) ]. The imino region of a two-dimensional nuclear Overhauser effect spectroscopy nuclear magnetic resonance spectrum revealed that A3 RNA displayed less secondary structure and base pairing than G3 RNA ( . On the basis of these data, we hypothesized that the stable stem-loop structure in the 5′-UTR of TRD compensated for the absence of 2′-O methylation of alphavirus RNA. To determine whether the secondary structure or primary sequence modulated Ifit1 susceptibility, we analyzed the growth of VEE/SINV containing the A3 nt mutation that also had compensatory mutations that were predicted to restore the 5′-UTR stem-loop ( (21), and two G3 variants with more stable hairpins (G3;C19C20)VEE/SINV that contained additional nucleotide repeats (AUG and AUG 2 ) appended to the 5′ end ( fig. S5A ). The latter (AUG n )VEE/ SINV mutants were relevant because RNA recognition by IFIT proteins reportedly requires a 5′ overhang of 3 to 5 nts (22) . Alteration of the loop sequence [(LOOP)VEE/SINV] did not relieve Ifit1-mediated restriction ( fig. S5B ). However, G3 mutants with an overhang of 3 or more nts at the 5′ end became sensitive to Ifit1-dependent antiviral effects ( fig. S5C ).
To assess whether nucleotide changes altered the stability of the VEEV 5′-UTR, we monitored RNA unfolding by circular dichroism spectrometry ( fig. S6 ). Changes in ellipticity as a function of temperature were analyzed (Fig. 2, E to I, and table S1); we observed several maxima, presumably corresponding to major cooperative unfolding events (Fig. 2, E to I) . We detected more-pronounced maxima near 75°C in all but the A3 RNA, confirming that A3 and G3 RNA have different stabilities. The A3U24;20_21insC mutant RNA displayed the most stable secondary structure. Computational analyses suggested that even closely related RNA sequences (such as A3 and A3U24) have S7 ). We also measured melting temperature (T m ) values (table S1), which showed an inverse correlation between Ifit1 susceptibility and basepairing stability. These analyses suggest that G3 and A3U24;20_21insC 5′-UTR RNAs adopt more stable conformations, which correlates with antagonism of Ifit1.
To validate that changes at nt 3 determined sensitivity to Ifit1 independently of other VEEVencoded factors, we repeated experiments with isogenic variants of TC83 and an enzootic VEEV strain, ZPC-738 (Fig. 3, A to D, and fig. S3D ). Whereas TC83 replicated poorly in IFN-b-treated WT MEFs, the isogenic nt 3 mutant TC83 A3G showed increased replication (Fig. 3A) , confirming that the A3G mutation confers resistance to type I IFN. However, unlike that seen with (G3)VEE/SINV (Fig. 2B) , the phenotype of TC83 A3G in IFN-btreated WT MEFs did not fully recapitulate the restoration seen in IFN-b-treated Ifit1 −/− MEFs (compare Fig. 3A to Fig. 3B ), suggesting that additional viral elements may be inhibited by Ifit1. Infection of the mutant ZPC-738 G3A in IFN-b-treated WT MEFs was decreased as compared to WT ZPC-738, whereas the infection of WT and G3A ZPC-738 was equivalent in IFN-btreated Ifit1 −/− MEFs (Fig. 3, C and D) .
To assess whether nt 3 mutation reciprocally affects virulence, we infected WT and Ifit1 −/− mice with TC83, ZPC-738, and paired isogenic variants (Fig. 3, E and F) . In WT mice, ZPC-738 G3A was attenuated as compared to the WT virus. However, no difference in mortality and only a small difference in survival kinetics were observed in Ifit1 −/− mice infected with ZPC-738 WT or G3A. In comparison, we observed increased lethality in WT mice infected with TC83 A3G relative to TC83. We also noted a slight decrease in the survival kinetics of Ifit1 −/− mice infected with A3G as compared to TC83 WT, suggesting that the A3G change may have additional effects aside from antagonizing Ifit1 function.
To determine whether structures in the 5′-UTR of other alphaviruses functioned analogously, we introduced mutations at either nt 5 or 8 into SINV (Fig. 3, G and H, and fig. S3E ). These mutations were selected because they altered the virulence of SINV in rats (23, 24) and were predicted to change the 5′-UTR secondary structure ( fig. S3E ). An A-to-G substitution at nt 5 resulted in increased viral replication relative to that of the parental virus in IFN-b-pretreated WT MEFs but not in IFN-btreated Ifit1 −/− MEFs, suggesting that the A5G phenotype was specific to Ifit1. Conversely, a substitution at nt 8 (G8U) resulted in a decrease in replication in IFN-b-treated WT MEFs relative to WT SINV, which was restored to comparable levels in IFN-b-treated Ifit1 −/− MEFs. This experiment establishes that mutations within the 5′-UTR of an Old World alphavirus also affect Ifit1 antagonism, suggesting that secondary structure at the 5′-UTR might be a more universal mechanism to circumvent Ifit1-mediated restriction.
IFIT1 binds flavivirus RNA lacking 2′-O methylation and blocks translation and binding of eukaryotic translation initiation factors (6, 7, 25) . To determine whether Ifit1 differentially affected translation of alphavirus RNAwith different 5′-UTR RNA structures, we transfected type 0 capped WT and G3A mutant translation reporter RNA encoding a luciferase gene fused to nsP1 ( fig. S3F) (26) into IFN-b-treated or untreated MEFs (Fig. 4, A to  D) . In WT MEFs treated with IFN-b (Fig. 4A) , G3 RNA exhibited greater translation reporter activity relative to A3 RNA. We also detected greater translation of G3 reporter RNA in untreated WT MEFs (Fig. 4B) , suggesting that basal Ifit1 expression in these cells may limit A3 RNA translation. However, we observed a greater increase in A3 reporter RNA translation relative to G3 in Ifit1 −/− MEFs that were treated with IFN-b or left untreated (Fig. 4, C and  D) . The higher level of A3 versus G3 RNA translation in Ifit1 −/− MEFs was not unexpected, because (A3)VEE/SINV replicates more efficiently than (G3)VEE/SINV in cells lacking type I IFN induction (20) . Although A3 RNA has a translation advantage in cells defective in innate immune responses, the G3 nucleotide confers resistance to Ifit1. (C and D) Growth kinetics of (G3)VEE/SINV, (A3U24)VEE/SINV, (A3U24;A20U) VEE/SINV, and (A3U24;20_21insC)VEE/SINV viruses in WT (C) and Ifit1 −/− (D) MEFs. Experiments and analysis were performed as in (A). (E to I) Thermal denaturation of A3, G3, A3U24, A3U24;A20U, and A3U24;20_21insC RNA as measured by circular dichroism spectroscopy at 210 nm. RNA was heated from 5°to 95°C at a rate of 1°C/min, and readings were collected every 1°C to monitor unfolding. Data are represented as the change in molar ellipticity as a function of temperature (dq/dT), and red arrows indicate major maxima. One representative experiment of two is shown.
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We hypothesized that alphavirus mutants with different 5′-UTR structural stabilities might interact with Ifit1 in a manner that is less compatible with translation. We used electrophoretic mobility shift assays (EMSAs) (Fig. 4 , E to G) to determine whether TRD 5′-UTR RNA containing an A3 or G3 and a type 0 cap differentially interacted with Ifit1 (Fig. 4E) . We observed significant binding of Ifit1 to A3 RNA but less binding to G3 RNA, suggesting that the secondary structure of the G3 RNA probably inhibited interaction with Ifit1. This conclusion was supported by dot-blot binding studies, which showed a 2-to 10-fold greater affinity [dissociation constant (K D )~30 nM] of cap 0 A3 RNA as compared to G3 RNA for Ifit1, depending on the incubation conditions ( Fig. 4H and fig. S8 ). The binding of Ifit1 to cap 0 RNA was specific, as it was competed by excess unlabeled 5′-ppp A3 RNA ( fig.  S7 ). Exogenous 2′-O methylation of A3 and G3 RNA, which generates a type 1 cap, resulted in less Ifit1 binding (Fig. 4F ), which agrees with flavivirus studies (6, 7) . When EMSA experiments were repeated in the absence of capping, TRD 5′-UTR RNA containing an A3 or G3 and a free 5′-ppp differentially and weakly recognized Ifit1 (Fig. 4G) , which is consistent with experiments demonstrating that single-stranded RNA, but not double-stranded RNA containing a free 5′-ppp, is bound by IFIT1 (22) . Excess A3 5′-ppp RNA compared to G3 5′-ppp RNA preferentially competed for Ifit1 binding to type 0 cap A3 RNA [inhibition constant (K i ) of 3 and 48 mM for A3 and G3 5′-ppp RNA, respectively; fig. S9 ]. These results suggest that secondary structure in the context of an uncapped RNA can alter Ifit1 binding and may contribute to why negative-stranded viruses with 5′-ppp genomic RNA and highly structured 5′-UTRs (such as filoviruses) are resistant to type I IFN and Ifit1-mediated control. Our results also establish that Ifit1 has a higher affinity for RNA with a type 0 cap than with a free 5′-ppp moiety.
Alphaviruses use a stable 5′-UTR stem-loop structure to antagonize Ifit1 antiviral activity. Although some IFIT proteins bind 5′-ppp RNA (22, 27) , it remains to be determined how Ifit1 differentially recognizes capped RNA that displays or lacks 2′-O methylation and how alphavirus 5′-UTR stem-loop structures affect this. Our experiments suggest that genomic RNA elements can function to evade host cell-intrinsic immunity. Thus, structural elements in viral or virus-associated RNA can bind antiviral proteins irreversibly to block function (28, 29) or attenuate binding of host antiviral proteins. It is intriguing to consider that viral RNA structural elements that antagonize Ifit1 recognition may have become targets for other RNA sensors (such as RIG-I and MDA5). Finally, these results may be relevant to pharmaceutical approaches that use mRNA as therapeutics or vaccine design strategies for attenuating alphaviruses and other viruses. 
